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The formation of gold nanoparticle–lipid composite films by glucose-induced reduction of chloroaurate ions
entrapped in thermally evaporated fatty amine films is described. Simple immersion of films of the salt of
octadecylamine and chloroaurate ions (formed by immersion of thermally evaporated fatty amine films in
chloroauric acid solution) in glucose solution leads to the facile in-situ reduction of the metal ions to form gold
nanoparticles in the fatty amine matrix. The formation of gold nanoparticles is readily detected by the
appearance of a violet color in the film and thus forms the basis of a possible new, gold nanoparticle-based
colorimetric sensor for glucose. The formation of the fatty amine salt of chloroauric acid and the subsequent
reduction of the metal ions by glucose has been followed by quartz crystal microgravimetry, Fourier transform
infrared spectroscopy, X-ray photoemission spectroscopy and transmission electron microscopy measurements.
1 Introduction
Nanomaterials are expected to play an extremely vital role in
many future technologies and this may be attributed to their
interesting optoelectronic and physicochemical properties.1
One aspect of nanotechnology that assumes importance in the
context of commercial application of nanoparticles is the
organization and packaging of nanoparticles in thin film form.
Among the many routes being pursued, the synthesis of
nanoparticles (often by the colloidal route) followed by orga-
nization on suitable surfaces using principles of self-assembly2
has received a great deal of attention. Surface modified
polymers,3 terminally functionalised self-assembled mono-
layers (SAMs)4,5 and more recently biological templates such
as proteins6 and DNA7,8 have been used for the organization of
nanoparticles in thin films. In a slightly different approach,
organized multilayer films of metal salts of fatty acids grown by
the Langmuir–Blodgett technique have been used to form
quantum dot assemblies by a chemical treatment process.9,10
In this laboratory, we have demonstrated that thermally
evaporated films of fatty acids when immersed in an aqueous
electrolyte solution resulted in the electrostatic entrapment of
cations in the lipid film.11 This process led to the spontaneous
self-organization of the fatty acid film into a lamellar, c-axis
oriented structure similar to that obtained by the conventional
LB technique.11 The use of thermally evaporated ionizable lipid
films in the organization of nanoscale entities has since been
extended to charged colloidal particles such as silver,12 gold13
and CdS quantum dots14 as well as proteins/enzymes.15,16 In
this report, we extend the methodology based on the extraction
of inorganic ions from solution into lipid thin films to the
in-situ generation of metal nanoparticles. More specifically, we
show that AuCl4
2 ions from aqueous solution may be
entrapped in thermally evaporated fatty amine films such as
octadecylamine (ODA) by simple immersion of the films in
electrolyte solution. Thereafter, the aurate ions in the ODA
matrix may be reduced in-situ by immersion of the AuCl4
2–
ODA composite film in glucose solution. This process of
reduction of the chloroaurate ions by glucose molecules is seen
as the appearance of a dark violet color in the lipid film as the
gold nanoparticles are generated (see inset, Fig. 1A). In
addition to the realization of gold nanoparticles in thin film
assemblies, this procedure may be eventually developed as a
gold nanoparticle based colorimetric method for the detection
of glucose and draws inspiration from the work of Esumi et
al.17 who demonstrated that sugar-persubstituted poly(amido-
amine) dendrimers spontaneously reduced chloroaurate ions
and led to the formation of gold nanoparticles entrapped in the
dendrimers. Presented below are details of the investigation.
2 Experimental
2.1 Chemicals
D-glucose, chloroauric acid and octadecylamine (CH3(CH2)17-
NH2, ODA) were obtained from Aldrich Chemicals and used
as-received. Double distilled water was used in all the
experiments.
Fig. 1 (A) QCM mass uptake measured as a function of time for a
500 A˚ thick ODA film during immersion in 1024 M HAuCl4 solution.
The inset in this figure shows 2 quartz substrates covered with 500 A˚
thick ODA films after entrapment of AuCl4
2 ions (1) and after
reduction of the AuCl4
2 ions by glucose (2, see text for details). (B) UV-
vis spectra of a 500 A˚ thick AuCl4
2–ODA film on quartz as a function
of time of immersion in 0.5 M glucose solution at 60 uC; curves 1–4 are
the spectra recorded after 10, 25, 40 and 60 min of immersion,
respectively.
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2.2 Deposition of ODA thin films
500 A˚ thick ODA films were deposited on gold coated AT cut
quartz crystals (for quartz crystal microgravimetry (QCM)
measurements), Si (111) substrates (for Fourier transform
infrared spectroscopy (FTIR), X-ray photoemission spectro-
scopy (XPS) and X-ray diffraction studies (XRD)) and quartz
substrates (for UV-vis spectroscopy studies). A 250 A˚ thick
ODA film was also deposited on a carbon-coated transmission
electron microscopy (TEM) grid. The deposition of the films
was done by thermal evaporation in an Edwards E308A
vacuum chamber. The deposition was done at a pressure of
1 6 1027 Torr and the film deposition rate and thickness were
monitored in-situ using an Edwards thickness monitor.
2.3 Incorporation of AuCl4
2 ions in ODA films
A 1024 M solution of chloroauric acid was prepared in doubly
distilled water. The pH of the chloroaurate ion solution was
measured to be 3.5. Chloroaurate ion incorporation into the
thermally evaporated ODA films was monitored by immersion
of the ODA covered gold coated AT cut quartz crystal for
different time intervals in the chloroauric acid solution and
measuring the frequency change of the crystal ex-situ after
thorough washing and drying of the crystal. The frequency
counter used was an Edwards FTM5 instrument operating at a
frequency stability and resolution of ¡1 Hz. For the 6 MHz
crystal used in this investigation, this translates into a mass
resolution of 12 ng cm22. The frequency changes were con-
verted to mass loading using the standard Sauerbrey formula.18
The time taken for complete ion incorporation determined
from the QCM measurements (ca. 16 h, see Fig. 1) was used for
immersion of ODA coated quartz and Si (111) substrates in the
other studies. After thorough rinsing and drying of the
AuCl4
2–ODA films, they were further immersed in a 0.5 M
glucose solution held at 60 uC for in-situ reduction of the
chloroaurate ions.
2.4 UV-vis spectroscopy study
500 A˚ thick AuCl4
2–ODA composite films on quartz sub-
strates were immersed in 0.5 M glucose solution held at room
temperature and at 60 uC for different time intervals. UV-vis
spectroscopy measurements were carried out on these films
using a Shimadzu dual-beam spectrophotometer (model UV-
1601 PC) operated at a resolution of 1 nm after thorough
washing and drying of the films. A 500 A˚ thick ODA film on
quartz was taken as the reference for UV-vis spectroscopy
measurements. For comparison, a 1024 M aqueous solution of
HAuCl4 was reacted with 0.5 M glucose held at 60 uC for a
period of 2 h and the UV-vis spectrum for this solution was
measured.
2.5 Fourier transform infrared spectroscopy (FTIR)
measurements
FTIR measurements of a 500 A˚ thick ODA film on Si (111)
substrates before, after chloroaurate ion incorporation and
after glucose treatment (immersion in 0.5 M glucose solution
held at 60 uC for 2 h) were made on a Shimadzu FTIR-8201 PC
instrument operated in the diffuse reflectance mode at a
resolution of 4 cm21. To obtain good signal to noise ratios, at
least 256 scans were taken of the composite films in the range
400–4000 cm21.
2.6 X-ray photoemission spectroscopy (XPS) studies
One 500 A˚ thick AuCl4
2–ODA composite film on a Si (111)
wafer before and after glucose treatment for the period
mentioned above was further characterised by XPS measure-
ments. XPS measurements were carried out on a VG MicroTech
ESCA 3000 spectrometer equipped with a multichanneltron
hemispherical electron energy analyser at a pressure better than
1 6 1029 Torr. The electrons were excited with un-monochro-
matized Mg Ka X-rays (energy ~ 1253.6 eV) and the spectra
were collected in the constant analyzer energy mode at a pass
energy of 50 eV. This leads to an overall resolution of ca. 1 eV
for the measurements. The Au 4f, Si 2p (substrate), C 1s and O
1s core level spectra were recorded from the composite films at
an electron takeoff angle (ETOA, angle between the surface
plane and electron emission direction) of 60u. Prior to curve
stripping of the core level spectra by a non-linear least squares
procedure, the inelastic electron background was removed by
the Shirley algorithm.19
2.7 Transmission electron microscopy (TEM) measurements
TEM analysis of a 250 A˚ thick AuCl4
2–ODA composite film
deposited on a TEM grid after immersion in 0.5 M glucose
solution (60 uC) for 2 h was performed on a JEOL Model
1200EX instrument operated at an accelerating voltage of
120 kV.
2.8 X-ray diffraction (XRD) studies
A 500 A˚ thick AuCl4
2–ODA composite film on a Si (111)
substrate after immersion in 0.5 M glucose solution held at
60 uC for 2 h was analysed by XRD measurements. These
measurements were made on a Philips PW 1830 instrument
operating at 40 kV voltage and a current of 30 mA with Cu Ka
radiation. The size of the colloidal gold particles in the
composite film was estimated from the peak width of the (111)
Bragg reflection using the Debye–Scherrer formula.20
3 Results and discussion
Fig. 1A shows the QCM mass uptake data measured as a
function of time of immersion of a 500 A˚ thick ODA film in
1024 M HAuCl4 solution. It is observed that there is a large
mass increase in the film with equilibration of the AuCl4
2 ion
concentration in the ODA matrix occurring after ca. 15 h of
immersion. The entrapment of the AuCl4
2 ions in the ODA
matrix occurs through attractive electrostatic interaction
between the gold anions and the protonated amine molecules
(please note that the pH of the HAuCl4 solution is 3.5) in the
thermally evaporated lipid film. From the equilibrium mass
loading of the chloroaurate ions (37 mg cm22) in this film
and a knowledge of the ODA mass deposited initially, an
ODA : AuCl4
2 molar ratio of 1 : 5 was calculated. This result
clearly indicates an overcompensation of the positive charge in
the amine matrix by the gold anions. Such charge over-
compensation is known to occur in layer-by-layer electro-
statically assembled systems.21
From the QCM measurements (Fig. 1A) an optimum time of
immersion of the ODA films in HAuCl4 solution of 18 h was
chosen. Fig. 1B is a plot of the UV-vis spectra recorded from a
500 A˚ thick AuCl4
2–ODA film after various times of
immersion in 0.5 M glucose solution held at 60 uC. Curves
1–4 correspond to spectra recorded at 10, 25, 40 and 60 min,
respectively, after immersion in glucose solution. It is observed
that there is a strong absorption band centered around 570 nm
in the spectra of Fig. 1B. This band is due to excitation of
surface plasmon vibrations in the gold nanoparticles generated
in the ODA matrix and gives gold colloids their vivid color.22
The presence of this resonance in the AuCl4
2–ODA films is
therefore a strong indication of in-situ reduction of the metal
ions leading to the formation of gold nanoparticles. It has been
demonstrated that sugar-persubstituted poly(amidoamine)
dendrimers reduce chloroaurate ions in solution thereby
leading to the formation of gold nanoparticles in solution.17
Furthermore, it was shown that the hydroxyl groups of the
sugar moieties in the dendrimers participated in the reduction
2 PhysChemComm, 2001, 19, 1–4
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of the metal ions.17 We believe that a similar mechanism is
operative here and that free glucose molecules in solution
access the entrapped AuCl4
2 ions present in ODA matrix
leading to their in-situ reduction.
It is seen from Fig. 1B that there is a monotonic increase in
the surface plasmon resonance intensity with time indicating
reduction of the entrapped AuCl4
2 ions to yield gold
nanoparticles. The intensity of this absorption band stabilizes
after this time period and indicates almost complete reduction
of the entrapped AuCl4
2 ions in the composite film. For
comparison, the UV-vis spectrum recorded from a 1024 M
HAuCl4 solution after reduction with 0.5 M glucose (60 uC) for
2 h was recorded (data not shown for brevity). A strong surface
plasmon resonance is observed from the solution as well
indicating that free glucose molecules in solution may be used
to generate gold nanoparticles by reduction of AuCl4
2 ions. It
is interesting to note a shift in the surface plasmon resonance
wavelength of the gold particles in solution (530 nm) relative to
the plasmon resonance wavelength in the film (curves 1–4,
570 nm). This shift is a consequence of the difference in the
dielectric properties of the medium surrounding the gold
nanoparticles (water and ODA film) and may be easily
interpreted in terms of the Mie theory for optical properties
of colloidal particles.13 The rate of reduction of the AuCl4
2
ions in the composite film immersed in glucose solution at room
temperature was much slower (data not shown) and required
nearly 24 h to achieve an absorbance value equal to that
measured for the composite film immersed in the glucose
solution held at 60 uC for 1 h.
The highlight of this approach, as mentioned earlier, is the
fact that the generation of gold nanoparticles is immediately
observable to the naked eye as appearance of a violet
coloration in the nano-gold hybrid film. The inset of Fig. 1A
shows 2 quartz substrates coated with 500 A˚ thick thermally
evaporated ODA films after immersion in AuCl4
2 solution for
18 h (1) and the AuCl4
2–ODA composite film after immersion
in 0.5 M glucose solution at 60 uC for 2 h (2). A violet–blue
coloration of the film is clearly observed in the film immersed in
glucose solution, which was missing in the AuCl4
2–ODA
composite film. We believe that this approach using entrapped
AuCl4
2 ions in thermally evaporated ODA films shows
promise for development into a ‘dip-stick’ method for the
colorimetric detection of glucose.
The formation of the AuCl4
2–ODA composite film and the
in-situ reduction of the chloroaurate ions by glucose was
followed by FTIR measurements and the spectra obtained in
the range 1450–1700 cm21 are shown in Fig. 2A. The spectra
labelled 1–3 in Fig. 2A correspond to the 500 A˚ thick as-
deposited ODA film on Si (111) wafer, the ODA film after
immersion in 1024 M HAuCl4 solution for 18 h and the
AuCl4
2–ODA film after immersion in 0.5 M glucose solution
at 60 uC for 2 h, respectively. It is seen that the band at ca.
1480 cm21, which is assigned to the –NH3
z asymmetric
deformation vibrational mode, is clearly present in the as-
deposited ODA film (curve 1, feature a) and is considerably
reduced in intensity on formation of a complex with AuCl4
2
ions (curve 2). This is a clear indication of the electrostatic
complexation of AuCl4
2 ions with the protonated amine
molecules in the lipid film and has been observed in Langmuir–
Blodgett films of octadecylamine complexed with chloropla-
tinic acid anions.23,24 The methylene scissoring band, which
occurs at ca. 1450 cm21, is clearly observed in the AuCl4
2–
ODA film (curve 2) and appears as a shoulder in the spectrum
of the as-deposited ODA film (curve 1).
While not very pronounced, the methylene scissoring band
as well as the –NH3
z asymmetric deformation band can be
seen in the AuCl4
2–ODA film after generation of the gold
nanoparticles (curve 3). The band at ca. 1570 cm21 seen in all
the films is assigned to the N–H bend mode of vibration of the
protonated amine groups in the ODA matrix.25
The TEM picture obtained from a 250 A˚ thick AuCl4
2–
ODA film after immersion in 0.5 M glucose solution held at
60 uC for 2 h is shown in Fig. 2B. The well dispersed gold
nanoparticles can clearly be seen in the TEM picture and are
uniformly distributed over the film surface. A statistical
analysis of 150 gold nanoparticles over the surface of the
film was performed and yielded mean particle diameter of 76 A˚
with a standard deviation of 14 A˚. We would like to mention
here that regions of highly aggregated gold nanoparticles were
also observed in the TEM studies (data not shown) and have
been excluded in the particle size analysis. X-ray diffraction
was also used to estimate the size of the gold particles formed in
the ODA matrix. The inset of Fig. 2A shows the (111) Bragg
reflection from gold recorded from a 500 A˚ thick ODA on Si
(111) substrate after formation of the gold nanoparticles. This
reflection was fit to a Lorentzian (solid line, inset of Fig. 2A)
and the size of the gold nanoparticles was estimated from the
line-broadening of the (111) reflection using the Debye–
Scherrer formula20 to be 285 A˚. There is a difference in the
mean particle size as measured by the TEM (76 A˚) and XRD
(285 A˚) techniques. We believe that the TEM measurements
are more sensitive to the particle size distribution whereas
XRD gives an overall average of the particle size in the lipid
film, which, as mentioned above, showed regions of densely
packed gold nanoparticles. Another reason for the difference
could be the fact that the film thickness (and consequently the
gold loading) was higher for the film subjected to XRD
analysis. In any case, the results presented above clearly show
that well-dispersed gold nanoparticles can be synthesized by in-
situ reduction of AuCl4
2 ions entrapped in fatty amine films.
The in-situ reduction of entrapped AuCl4
2 ions in the ODA
matrix by glucose was followed by XPS measurements. Fig. 3A
shows the Au 4f core level from a 500 A˚ thick ODA after
immersion in 1024 M HAuCl4 solution for 18 h. In the XPS
measurements, the Au 4f, Si 2p, O 1s and N 1s core level spectra
were aligned with respect to the adventitious C 1s binding
energy (BE) of 285 eV. The Au 4f spin–orbit components can
clearly be seen in Fig. 3A and have been resolved in the figure.
The Au 4f7/2 peak occurs at a BE of 86.4 eV which is
considerably higher than that expected for metallic gold
(84 eV).26 The shift to higher BE of the Au 4f7/2 component
clearly shows that Au is in a higher oxidation state
commensurate with the z3 oxidation state in the AuCl4
2
anionic complex. The presence of just one component indicates
that all the gold atoms in the ODA film are in the same
Fig. 2 (A) FTIR spectra recorded from a 500 A˚ thick as-deposited
ODA film on Si (111) wafer (curve 1); the ODA film after incorporation
of AuCl4
2 ions (curve 2) and the AuCl4
2–ODA film after reduction of
the AuCl4
2 ions by glucose (curve 3, see text for details). The inset
shows the XRD pattern recorded from the AuCl4
2–ODA film after
reduction of the chloroaurate ions by glucose. The (111) Bragg
reflection from the gold nanoparticles is shown along with a Lorentzian
fit to the data. (B) TEM micrograph of a 250 A˚ thick ODA film after
incorporation of AuCl4
2 ions and their reduction by glucose; the well
dispersed gold nanoparticles are shown.
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oxidation state. The Au 4f core level spectrum recorded after
immersion of the AuCl4
2–ODA film in 0.5 M glucose solution
held at 60 uC for 2 h is shown in Fig. 3B. The Au 4f core level
could now be resolved into two spin–orbit pairs with Au 4f7/2
BEs of 84 eV and 86.8 eV. The lower BE component arises
from metallic gold26 and provides additional evidence for the
generation of gold nanoparticles in the ODA matrix. The
higher BE component corresponds to AuCl4
2 ions that were
not reduced by the glucose molecules. The ratio of the reduced
to un-reduced gold metal ions may be easily calculated from the
areas of the peaks marked 1 and 2 in Fig. 3B to be 3.8. While
not particularly germane to the process of reduction of the
chloroaurate ions by glucose, the N 1s spectrum showed a
single component at 399 eV (data not shown) and is due to
electron emission from the amine groups of the ODA matrix.
The Si 2p and O 1s BEs were commensurate with electron
emission from Si and O atoms in SiO2, the native oxide layer
covering the Si wafer.
In conclusion, it has been shown that the reduction of
AuCl4
2 ions entrapped within a thermally evaporated fatty
amine film by simple immersion in glucose solution leads to the
formation of gold nanoparticles in the lipid matrix. This
process may be extended to the formation of patterned
assembly of nanoparticles using suitable masking procedure
during deposition of the lipid film. The in-situ reduction of
immobilized aurate ions in thin films by glucose is particularly
exciting from the point of view of development of a ‘dip-stick’
method27 for a gold nanoparticle based colorimetric glucose
sensor and is currently being pursued.
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